Rop/Rac small GTPases are central to diverse developmental and cellular activities in plants, playing an especially important role in polar growth of pollen tubes. Although it is established that a class of plant-specific RopGEFs promotes the activity of Rop/Rac through the catalytic PRONE (Plant-specific Rop nucleotide exchanger) domain, not much is known about how RopGEF function is controlled to allow a spatiotemporally regulated Rop activity. To understand such a process in pollen, we performed functional analysis with a pollen-specific RopGEF, AtRopGEF12. Overexpression of AtRopGEF12 had minimal phenotypic effects, whereas overexpression of a C-terminally truncated version disturbed tube growth, suggesting that the C terminus was inhibitory to GEF function. In contrast to non-pollen-expressed RopGEFs, pollen-expressed RopGEFs have conserved C termini. A phospho-mimicking mutation at an invariant serine within the C terminus of AtRopGEF12 resulted in loss of the C-terminal inhibition, suggesting that phosphorylation regulates GEF activity in vivo. The PRONE domain of AtRopGEF12 (PRONE12) was not sufficient to induce isotropic tube growth. We used mbSUS to show that AtRopGEF12 interacts with an Arabidopsis pollen receptor kinase AtPRK2a through its C terminus, and BiFC to show that they interact in pollen tubes. Coexpression of AtRopGEF12 and AtPRK2a caused isotropic growth reminiscent of that seen upon overexpression of a constitutively active (CA) Rop. Coexpression of AtPRK2a with an Nterminally truncated AtRopGEF12 did not induce isotropic growth, indicating a positive role for the N-terminal domain. Our results suggest a mechanism by which the noncatalytic domains of pollenspecific/enriched RopGEFs regulate PRONE function, leading to polarized pollen tube growth.
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phosphorylation ͉ pollen tube growth ͉ receptor kinase S exual reproduction in flowering plants is achieved by pollination and fertilization. Unlike mammals, whose sperm are motile, plant sperm are carried to the embryo sac by the pollen tube (1) . Pollen tubes are tip-growing cells whose polarity is maintained by diverse cellular activities, most prominently by actin dynamics and a tip-focused Ca 2ϩ gradient (2) . Plantspecific Rop small GTPases, also named Rac GTPases, are orthologs of yeast and mammalian Rho GTPases. Rops have been reported to regulate many developmental processes, such as root hair growth (3, 4) , leaf epidermal cell morphogenesis (5, 6) , auxin and ABA signaling (7, 8) , tolerance to oxygen deprivation (9) , and pathogen resistance (10) . The role of Rops in pollen tube growth has been extensively studied. Overexpression of a CA-Rop1 resulted in isotropic growth (11, 12) , whereas reduced Rop levels inhibited pollen tube growth (13) .
In yeast and mammals, three classes of regulators control the activity of Rho GTPases: GTPase activating proteins (GAPs), guanine nucleotide dissociation inhibitors (GDIs) and guanine nucleotide exchange factors (GEFs) (14) . GAPs act as an ''off'' switch, promoting the innate GTPase activity to generate GDPbound, inactivated Rho. GDIs anchor Rho in the cytosol, where GTP is abundant, and may have other functions such as transporting Rho GTPases to target sites. Both GAPs and GDIs of Rop have been identified in plant genomes based on conserved domain sequences with those of other eukaryotes (15, 16) . RopGAPs and RopGDIs were shown to regulate the growth of pollen tubes (17, 18) and root hairs (15, 19) , as well as being involved in tolerance during oxygen deprivation (9) .
GEFs stimulate the exchange of GDP to GTP to switch ''on'' the Rho GTPases. No homologs of the typical Dbl type RhoGEFs were found in plant genomes. Recently, a family of plant-specific RopGEFs was identified (20) , which contain a highly conserved PRONE domain for Rop binding and GEF activity, and variable N-and C-terminal regions. When several Arabidopsis RopGEFs were transiently overexpressed in tobacco pollen, AtRopGEF1 had the most dramatic phenotype, i.e., ballooning tips, whereas others had less severe effects (21) . Based on the in vitro catalytic activity of full-length and truncated AtRopGEF1, an autoinhibition conferred by the Cterminal variable region was proposed (21), although both full-length and C-terminally truncated RopGEF1 versions expressed in tobacco pollen showed similar ballooning tips. PRONE1 localized at the plasma membrane and its overexpression also induced isotropic growth (21) , suggesting that PRONE1 was sufficient for membrane association and Rop activation.
We previously showed (22) that a pollen-specific RopGEF homolog from tomato, LeKPP, specifically interacts with the cytoplasmic domain of LePRK2, implicating RopGEFs as missing links between perceiving extracellular cues and initiating small G protein-regulated intracellular signaling cascades in pollen tube polar growth. Here we present in vivo data revealing a distinct mechanism regulating the activity of AtRopGEF12, a LeKPP homolog. We show that the overexpression of a Cterminally truncated but not of a full-length AtRopGEF12 affected the polarity of pollen tube growth, suggesting a Cterminal inhibition of GEF activity in vivo. Unlike the highly variable C termini of RopGEFs whose expression was hardly detectable in pollen, the C termini of pollen-specific/enriched RopGEFs are conserved. A phosphor-mimicking mutation at an invariant serine residue in AtRopGEF12 resulted in release of the C-terminal inhibition. Although highly similar to PRONE1, PRONE12 was not sufficient to induce isotropic growth when overexpressed and had a cytoplasmic localization. This result, together with sequence alignment and phylogenetic analyses of PRONE domains, suggests that PRONEs can be classified into two groups that may have distinctive binding affinities to Rops.
The subcellular localization and activity of pollen-specific/ enriched RopGEFs may require the function of PRK2, in that coexpression of AtRopGEF12 with AtPRK2a induced isotropic growth, indicative of constitutive Rop activity. Our results reveal a signal relay in which AtPRK2a at the plasma membrane recruits AtRopGEF12 through its C terminus to maintain polar Rop activity in the pollen tube.
Results and Discussion

Identification of Pollen-Specific/Enriched RopGEFs in Arabidopsis.
There are 14 RopGEFs in Arabidopsis. Previous reports (21) (22) (23) of their expression patterns were not consistent. To determine their expression profiles, we did RT-PCR analysis. In three biological replicate RT-PCR experiments, we were able to detect the expression of each AtRopGEF in at least one tissue type [see supporting information (SI) Fig. 7 ], which is in accord with transcriptome results (23, 24) . Each tissue tested expressed at least two AtRopGEFs, suggesting a potential redundancy to assure system flexibility. Among the 14 AtRopGEFs, AtRopGEF8, 9, 11, 12, and 13 displayed pollen-specific or enriched expression, whereas the others were not or hardly expressed in pollen, supporting the pollen transcriptome data (23) . Of the five pollen-specific/enriched AtRopGEFs, AtRopGEF12 is the closest homolog of LeKPP. Therefore, we investigated the function of AtRopGEF12 in pollen tube growth.
Overexpression of a C-Terminally Truncated AtRopGEF12 Disturbed
Pollen Tube Growth. The C terminus of LeKPP was sufficient to bind LePRKs in a yeast two-hybrid screen (22) , implying a potential regulatory role for the C terminus. To test the role of the C-terminal region on GEF activity in vivo, we generated constructs expressing either full-length or a C-terminally truncated AtRopGEF12 (AtRopGEF12⌬C), each fused with enhanced yellow fluorescent protein (eYFP) at the N terminus and under the control of the pollen-specific LAT52 promoter (Pro LAT52 ) (25) . The constructs were delivered into tobacco pollen by particle bombardment (26) . Expression of Pro LAT52 :eYFP served as the control.
Overexpression of full-length AtRopGEF12 only increased pollen tube width slightly ( (Fig. 1C) . Bifurcated tubes or additional membrane bulges were found at the shank of the remaining transformed pollen tubes (Fig. 1C  Inset) . Vacuoles occupied the very apical region in tubes expressing AtRopGEF12⌬C (Fig. 1C) ; in wild-type tubes, vacuoles are not apical. Multiple Arabidopsis transgenic lines expressing each construct were generated and these showed consistent and heritable pollen tube phenotypes similar to those seen in tobacco pollen (see SI Fig. 9 ). In our previous study (22) , overexpression of LeKPP in tobacco disturbed pollen tube growth such that transformed tubes had wider, sometimes bulbous tips (21), whereas overexpression of its closest Arabidopsis homolog AtRopGEF12, had a milder although statistically significant effect on pollen tube width ( Fig. 1 and SI Fig. 8 ). This difference may be due to different expression levels or to a species-specific difference. Overexpression of AtRopGEF12⌬C, but not the full length version, gave phenotypes reminiscent of overexpression of several Rops in pollen tubes (27) , suggesting that the Cterminal truncation led to ectopic GEF activity.
Mutation at an Invariant Serine Residue within the C-Terminal Region of AtRopGEF12 Released the C-Terminal Inhibition in Vivo.
Overall sequence alignments of RopGEFs showed that the C-termini of RopGEFs were highly variable (20) (21) (22) . However, alignment of the C-terminal domains of the five Arabidopsis pollen-specific/ enriched RopGEFs and some RopGEFs from other higher plant species revealed previously unnoted conservation, highlighted by three potentially phosphorylatable residues ( Fig. 2A) . Our previous results (22) demonstrated that LeKPP extracted from pollen was phosphorylated and that its C-terminal domain bound to LePRKs. It was therefore tempting to postulate that the C-terminal inhibition would be released by phosphorylation. Phosphorylation release of GEF activity has been reported in mammalian RhoGEFs (14) . Although the plant-specific RopGEFs have completely different catalytic domain sequences from mammalian RhoGEFs, similar regulatory mechanisms may exist.
To test whether the C-terminal conserved phosphorylatable residues were critical for C-terminal inhibition in vivo, we generated full-length AtRopGEF12 with point mutations at the three conserved phosphorylatable residues, T458, S500, and S510 (numbered as in AtRopGEF12), to either a phosphormimicking aspartic acid (D) or a nonphosphorylatable alanine (A) using site-directed mutagenesis. Fluorescent protein fusions of these proteins were transiently expressed in tobacco pollen.
Overexpression phenotypes of AtRopGEF12 with mutations at either T458 or S500 did not differ from those of wild-type AtRopGEF12 (Fig. 2 B and C) , in that transformed tubes were slightly wavy and wider (Fig. 2B) than nontransformed tubes growing under the same conditions. The fluorescent signal was detected in the cytoplasm (Fig. 2B ). Tubes transformed with AtRopGEF12-S510A were also similar to those overexpressing wild-type AtRopGEF12 except that vacuoles were often seen close to the subapical region ( Fig. 2 B and C) . In contrast, at early stages overexpression of AtRopGEF12-S510D resulted in wavy tubes, and the fluorescent signal was detected both in the cytoplasm and at the apical plasma membrane (Fig. 2B Inset) . After a 4-h culture, all transformed tubes had vacuoles close to the tube apex and displayed significant tip swelling (Fig. 2 B and  C) . These results suggested that the invariant serine within the C terminus of the LeKPP clade RopGEFs was critical for the C-terminal inhibition, presumably through phosphorylation.
PRONEs Have at Least Two Functional Subgroups. It has been shown (21) that PRONE1 was necessary and sufficient for membrane anchoring, and that its overexpression in pollen caused isotropic tube growth, indicative of constitutive Rop activity. Because the PRONE domains share high sequence identity and interact with the structurally conserved small GTPase Rop, we predicted that a similar isotropic growth would be induced by overexpression of PRONE12.
Surprisingly, overexpression of PRONE12 had only a mild phenotypic effect on pollen tube growth, similar to that of AtRopGEF12 overexpression (Fig. 3A, see SI Fig. 8), i.e., pollen tubes had vacuoles close to the subapical region and were slightly wavy (Fig. 3A) . The fluorescent signal was mostly in the cytoplasm (Fig. 3A) . Despite the fact that they share 50% identity and 74% similarity, the different overexpression phenotypes with PRONE1 and PRONE12 suggest that the PRONE domains have at least two distinctive functional subgroups. Phylogenetic analysis with PRONE domains obtained from diverse plant species also supports the existence of at least two PRONE types. As for the C termini, the PRONE domains of all five Arabidopsis pollen-specific/enriched PRONEs group within one clade (Fig.   3B) . The difference between the two subgroups may lie in a few but distinctive amino acid changes (see SI Fig. 10 ), most prominently within the ␤-arm and subdomain 2 (28) . A recent structural analysis of the PRONE8-Rop4-GDP complex revealed that Rop is captured by the ␤-arm of one PRONE8 and the main body of the other PRONE8 (28) . It is likely that PRONE1 and PRONE12 have different binding affinities to Rop, with PRONE1 strong enough to anchor PRONE1 peripherally to the membrane, whereas PRONE12 is not.
Coexpression of AtPRK2a with AtRopGEF12 Resulted in Isotropic Tube
Growth. PRONE1 was membrane-localized, and its overexpression led to constitutive Rop activity (21) , suggesting that its binding to Rop was sufficient for the membrane anchoring of PRONE1. In contrast, our results indicated that the noncatalytic domains of RopGEF12 may be required for GEF activity in vivo. We have shown that the C-terminal region of LeKPP binds specifically to the cytoplasmic domain of LePRK2 (22) . Recently we characterized an Arabidopsis homolog of LePRK2, AtPRK2a (At2g07040). We first verified the physical interaction between AtPRK2a and AtRopGEF12 using the mating-based splitubiquitin system (mbSUS) in yeast (29) . We generated baits expressing either full-length AtPRK2a or a presumed kinaseinactive (K366R) mutant (mAtPRK2a); equivalent mutations abolished autophosphorylation of the LePRKs (30). Prey constructs expressing AtRopGEF12, AtRopGEF12⌬C, or the C terminus of AtRopGEF12 (AtRopGEF12-C) were generated. The C-terminal domain of AtRopGEF12 was necessary and sufficient for interaction with AtPRK2a (Fig. 4) . The presumptive kinase-inactive mAtPRK2a still interacted with AtRopGEF12 through its C-terminal domain, albeit with a lower binding affinity than that of wild-type AtPRK2a (Fig. 4) . A potassium channel protein (29) used as bait did not interact with AtRopGEF12 (Fig. 4) .
To test whether AtPRK2a binding could release the C- terminal inhibition, we co-expressed AtPRK2a-eCFP and eYFPAtRopGEF12 in tobacco pollen. Co-expression of AtPRK2a-eCFP and eYFP, and of eCFP and eYFP-AtRopGEF12 were used as controls. Co-expression of AtPRK2a-eCFP and eYFP resulted in wider tubes (Fig. 5A, see SI Fig. 11 ). Coexpression of eCFP and eYFP-AtRopGEF12 resembled overexpression of AtRopGEF12 alone (data not shown). In contrast, coexpression of AtPRK2a-eCFP and eYFP-AtRopGEF12 resulted in isotropic growth (Fig. 5B, see SI Fig. 11 ), reminiscent of pollen tubes overexpressing a CA-Rop1 (12). AtRopGEF12 colocalized with AtPRK2a at the apical plasma membrane (Fig. 5A) . We also tested whether the presumptive kinase inactive AtPRK2a (mAtPRK2a) could cause such an effect. Coexpression of mAtPRK2a-eCFP with eYFP did not affect pollen tube growth significantly (Fig. 5C , see SI Fig. 11 ), suggesting that kinase activity is necessary for the tip widening phenotype seen upon AtPRK2a overexpression (Fig. 5A) . Coexpression of mAtPRK2a and AtRopGEF12 still induced tip swelling (Fig. 5D , see SI Fig.  11 ), although to a lesser extent (compare Fig. 5B ).
Although the eCFP and eYFP signals colocalized at the plasma membrane, it was not proven that they directly interact in planta. Therefore, we used the bimolecular fluorescence complementation system (BiFC) (31) to demonstrate a direct interaction between AtPRK2a and AtRopGEF12 in transiently transformed tobacco pollen tubes. AtRopGEF12 interacted with both AtPRK2a (Fig. 5F) and mAtPRK2a (Fig. 5G) at the apical plasma membrane. Together, these results suggest that AtPRK2a may act as a scaffolding protein, recruiting AtRopGEF12 to the plasma membrane by binding to its C-terminal domain. The reduced binding affinity between mAtPRK2a and the C terminus of AtRopGEF12 may explain the less severe isotropic growth.
The N-Terminal Region of AtRopGEF12 Is Required for the Isotropic
Growth Induced by Coexpression of AtPRK2a and AtRopGEF12. That overexpression of the PRONE12 domain resulted in a milder phenotype than overexpression of AtRopGEF12⌬C suggested that the N-terminal region of AtRopGEF12 plays a positive role. We observed no detectable phenotypic effect by overexpressing AtRopGEF12-N (aa1-90), which was cytoplasmic (data not shown). This result indicates that the positive role the N-terminal region plays may not require trans factor binding because such a scenario would predict a dominant negative phenotype upon overexpressing the N-terminal domain. We also coexpressed an eYFP-fused N-terminally truncated AtRopGEF12 (eYFPAtRopGEF12⌬N-91-516) with AtPRK2a-eCFP in transient assays. Unlike the isotropic growth induced by coexpression of eYFP-AtRopGEF12 and AtPRK2a-eCFP (Fig. 5B) , pollen tube morphology upon coexpression of eYFP-AtRopGEF12⌬N and AtPRK2a-eCFP (Fig. 5E, see SI Fig. 11 ) did not significantly differ from that of eYFP and AtPRK2a-eCFP coexpression (Fig.  5A) . This result supports a positive role for the N-terminal region of RopGEF12 in in vivo GEF activity.
Pollen-Specific/Enriched RopGEFs as the Missing Link Between Pollen
Receptor Kinases and Rop-Mediated Intracellular Responses. As depicted in Fig. 6 , we propose a model to explain the regulatory mechanism of pollen-specific/enriched RopGEFs. The activity of pollen-specific/enriched RopGEFs is inhibited by their Ctermini to prevent ectopic Rop activity outside of the apical region. Although AtPRK2a is plasma membrane-localized along the pollen tube (30, 32) , Rop localization is restricted mostly to the apical plasma membrane of the pollen tube (11, 33) except in the cytoplasm, where Rop is probably sequestered by RopGDIs (17) . Only at the apical plasma membrane, where both PRK2 and Rop are present, can the C termini of RopGEFs bind to the cytoplasmic domain of PRK2 to free the PRONE domain that can then be accessed by Rop. Phosphorylation at the Fig. 4 . The C-terminal domain of AtRopGEF12 is necessary and sufficient for interaction with AtPRK2a. Diploid yeast cells expressing a Cub-fused bait protein, AtPRK2a, mAtPRK2a or KAT1, and one of the three NubG-fused preys grew well on nonselective minimal plates supplemented with adenine and histidine (ϩAH), but only cells expressing AtPRK2a or mAtPRK2a with fulllength AtRopGEF12 or AtRopGEF12 (444 -515) grew on selection plates without adenine and histidine (ϪAH). Wild-type Nub (NubWT) and mutant Nub (NubG) served as positive and negative controls, respectively. (36), whereas pollen tube growth was promoted by addition of LeSTIG (37) . A recent study by Wengier et al. (38) showed that an unknown component from tomato stylar extract dissociates a LePRK complex, leading to the hypothesis that the LePRK complex is inhibitory to pollen germination, whereas their dissociation releases such inhibition. In relation to our model, it is likely that a female-mediated PRK complex dissociation renders PRK2 available for RopGEF binding. Thus, Rop activation promoted by PRK-mediated GEF activity not only assures the maintenance of growth polarity over a relatively long distance, but can also allow rapid reorientation upon extracellular stimuli.
Materials and Methods
Plant Growth and Transformation. Arabidopsis plants were grown in a 4:1:1 mix of Fafard 4P/perlite/pvermiculite under an 18-h-light/ 6-h-dark cycle at 21°C. To facilitate phenotypic analysis, the mutant quartet1-2 in the Col-0 ecotype (39) was used as wild type for stable transformation using the floral dipping method (40) .
RNA Extraction and RT-PCR.
Total RNA from diverse tissues of ecotype Columbia (Col-0) was isolated using an RNeasy Plant miniprep kit (Qiagen) according to manufacturer's instructions. Oligo dT-primed cDNA was synthesized using SuperScript III Reverse Transcriptase with on-column DNase-treatment as recommended by the manufacturer (Invitrogen). Gene-specific RT-PCR primers were as described (22) , but PCR was performed at an annealing temperature of 60°C, rather than at 54°C. Amplification of Arabidopsis ACTIN2 was used as the internal control.
DNA Manipulation. All constructs except those used in mbSUS were generated using the Gateway system (Invitrogen). Primers are listed in SI Table 1 . Entry vectors in pENTRY/SD/D-TOPO for the full-length and truncations of AtRopGEF12 were generated by RT-PCR from pollen cDNA using the combined primer pairs: Z177 and Z178 for AtRopGEF12, Z177 and Z180 for AtRopGEF12⌬C, Z179 and Z178 for AtRopGEF12-C, Z347 and Z178 for AtRopGEF12⌬N, Z177 and Z346 for AtRopGEF12-N, and Z352 and Z180 for PRONE12. To generate pollen-specific fluorescent protein fusion constructs for both transient and stable expression, LR reactions were conducted using LR Clonase II (Invitrogen) with the corresponding entry vectors and pollen-specific destination vectors (Y.Z. and S.M, unpublished data) adapted from pB7WG or pB7GW series (41) .
Mutations at the C-terminal region of AtRopGEF12 were generated using the Quick change site-directed mutagenesis kit (Stratagene, La Jolla, CA) with the following primer pairs: Z284A and Z284B for T458D, Z285A and Z285B for T458A, Z260A and Z260B for S500D, Z261A and Z261B for S500A, Z241A and Z241B for S510D, and Z242A and Z242B for S510A (SI Table 1 ). A K336R mutation at AtPRK2a was generated similarly using the primer pair Z281A and Z281B. The wild-type entry vectors were used as the template for mutagenesis. Fluorescent protein fusion expression vectors were generated similarly using LR reactions.
Constructs for the mbSUS were generated by in vivo recombination (29) using the following primer pairs: Z392 and Z393 for AtPRK2a and mAtPRK2a, Z394 and Z395 for AtRopGEF12, Z394 and Z397 for AtRopGEF12⌬C and Z395 and Z396 for AtRopGEF12-C. The pollen-specific BiFC constructs were generated using Gateway-compatible destination vectors (Y.Z. and S.M., unpublished data) based on a previously reported 35S promoter-driven BiFC system (31) .
All PCR amplifications used Phusion hot start high-fidelity DNA polymerase with the annealing temperature and extension time recommended by the manufacturer (Finnzyme, Ipswich, MA) and were sequenced using an ABI 3300 sequencer. Sequences were analyzed using Vector NTI (Invitrogen). QIAquick PCR purification kit, QIAprep Spin miniprep kit, and Qiagen TIP-100 kit (Qiagen) were used for PCR product recovery, DNA minipreps, and DNA midipreps, respectively. Sequence Analysis and Phylogeny. Sequence alignment was performed with ClustalW (www.ebi.ac.uk/clustalw), and the phylogeny was built by neighbor joining using Molecular Evolutionary Genetics Analysis (MEGA3.1) (42), calculated by using bootstrap analysis (replicates ϭ 500).
Pollen Germination and Transient Expression. Arabidopsis in vitro pollen tube growth was conducted at 22.5°C, as described (43) . All Arabidopsis pollen tube growth experiments were repeated at least three times. Transient expression assays in tobacco pollen were conducted as described (22, 26) . Images were captured from 2-8 h after germination. Each construct was tested in two independent bombardments, and except where noted, 100-120 tubes were scored. Pollen tube width was measured as the diameter of the widest region in the apical or subapical region, using the measuring function of Axiovision software. Twenty to 30 transient pollen tubes were measured to determine the average tube width, and a t test was performed to determine whether the difference was significant (P Ͻ 0.05, t test).
Microscopy. Microscopic imaging was performed using an inverted Axiophot microscope (Zeiss) with either bright-field or epifluorescence optics. Images were captured using a Spot digital camera (Diagnostic Instruments, Sterling Heights, MI), exported using AxioVision (Zeiss), and processed using Photoshop 7.0 (Adobe).
